We demonstrate through electrolyte gating measurements of a single nanobeam that the rultile phase of VO 2 is electrochemically more reactive than the monoclinic phase. Our results show that the complete suppression of the metal to insulator tran- 
I. INTRODUCTION
Strongly correlated oxides are extremely sensitive to defects such as oxygen vacancies that can be further engineered to tune the electronic and magnetic properties in these systems [1] [2] [3] [4] [5] . VO 2 , a widely studied correlated electron material, exhibits a metal to insulator transition ∼ 342 K 6 that coincides with a structural phase transition from a monoclinic insulator to a rutile metal. This concurrent appearance of an electronic transition with a structural transition shows how the lattice, orbital and possibly spin degrees of freedom are closely related and provides exciting ways to controllably tune the rich phase diagram of VO 2 by several means. The creation of oxygen vacancies is one such way to engineer defects in oxides to modulate the electronic properties and possibly tune phase transitions. A recent experiment on VO 2 showed modulations in the electronic properties by the introduction of oxygen vacancies via electrolyte gating 7 . Nevertheless, physical interpretations of electrolyte gating induced effects in correlated oxides are hotly debated due to the questions about the cause being electrostatic [8] [9] [10] [11] and/or electrochemical 7, [12] [13] [14] [15] [16] [17] [18] in nature. Recently, the conductance modulation in electrolyte gated VO 2 was controlled by a graphene monolayer at the oxide-liquid interface indicating that the changes to be electrochemical in nature 19 
.
The creation of oxygen vacancies is known to be dependent on the crystal structure and the surface planes in oxides such as CeO 2 and TiO 2 16,18,20,21 . In VO 2 , despite the recent experiments, the differences in the electrochemical reactivity of and the creation of oxygen vacancies in individual structural phases of VO 2 (monoclinic and rutile) and their implications on altering the electronic phase diagram of VO 2 have not been systematically studied. In this work, we show, through electrolyte gating studies of single crystalline VO 2 nanobeams and through ab initio calculations, that the electrochemical reactivity of the metallic rutile VO 2 is distinctly different from that of the insulating monoclinic phase.
Hence, the full suppression of the metal to insulator transition (MIT) or the stabilization of the metallic phase to lower temperatures is possible only if the gate-induced modulations are initiated in the rutile phase. We discuss our experimental data in light of oxygen vacancies creation during electrolyte gating measurements as previously observed 7, [15] [16] [17] [18] . Our density functional theory (DFT) results show that the creation of oxygen vacancies in the rutile phase results in disturbing the V-V dimerization that can lead to the stabilization of the rutile phase to lower temperatures. Furthermore, we suggest that the creation of 3 oxygen vacancies is thermodynamically favorable if the removed oxygen atoms oxidize the bis(trifluoromethylsulfonyl)imide (TFSI) anions present in the most commonly used ionic liquid N,N -diethyl-N -methyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI). The VO 2 nanobeams used in the study were grown by a stepwise hydrothermal process and the details about the synthesis and the structural characterization can be found elsewhere
II. EXPERIMENTAL SET UP AND DEVICES

22
. The devices were made of individual nanobeams of single crystalline VO 2 with lengths ranging from 10 to 30 µm and widths from 200 to 800 nm. The nanobeams sprayed on to Si/SiO 2 substrates to yield devices free from any inherent substrate strain. Electrodes (source, drain, and gates) were defined through a standard photolithography process and metal contacts (Cr/Au) were deposited by electron beam evaporation. For the electrolyte gating measurements, a single drop (diameter of 200-300 µm) of the electrolyte (DEME-TFSI) (from Ionic Liquids Technologies) is placed on top of the device such that it covers the electrodes and the nanobeam. Fig. 1 (a) shows the schematic of the experimental set up used for the modulation of the resistance of VO 2 nanobeams by ionic liquid (IL) gating. Inset of Fig. 1 nanobeam was connected to the ground as shown in Fig. 1 (a) . The gate leakage current (I G ) and the source-drain current (I DS ) were measured independently and all the electrical measurements were performed using Keithley 2400 source meters. The gate voltages (V G )
were applied at 360 K (rutile phase) prior to measuring resistance (R) while varying temperature (T ) measurements to maximize the redox kinetics. The device exhibits a massive MIT ∼ 346 K accompanied by a more than four orders of magnitude change in resistance ( Fig.  1 (b) , measured at zero gate voltage). Upon cooling, the device returns to the insulating state at 332 K, with a hysteresis of 14 K. pointing to dissimilar chemical kinetics.
III. ELECTROLYTE GATING MEASUREMENTS
V G = −0.8 V.
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In order to understand the electrochemical reactivity of monoclinic VO 2 , gate sweeps measurements were performed at various fixed T in the insulating phase. Fig. 3 (a) shows the modulations in R with V G in the insulating phase of the nanobeam at various temperatures from 310 K to 335 K (the arrows show the direction of the gate sweep). As V G increases from 0 to 2.5 V, R decreases. Now, when the V G is reduced but still positive, R continues to decrease until the polarity of V G is reversed. The device can be fully restored to its initial state if V G is then swept to -2.5 V and back to 0 V. However, drifts (marked with circles) from the initial insulating states, leading to irreversible changes, were observed even after the −V G sweeps at higher temperatures (325 K to 335 K). Assuming oxygen vacancies to be behind the R modulation, it can be inferred for the monoclinic insulating phase that the concentration of oxygen vacancies is not high enough to obtain a metallic phase possibly due to the relatively high formation energy (and/or barriers). However, the resistance clearly drops with increasing V G and T indicating enhanced conductivity due to oxygen vacancy. . It is interesting to note that the I G -V G traces look similar to cyclic voltametry (CV) plots for electrochemical measurements that require three electrodes -working, reference and counter electrodes. The characteristics of a CV plot depend on the kinetics of charge transfer between the electrolyte and the electrode, the charge diffusion to the electrolyte/electrode interface, chemical reactions involving electroactive species, and the voltage scan rate [23] [24] [25] . In Fig. 3 (b), the peaks at positive and negative gate biases are asymmetric in their positions and sizes. This shows that the redox kinetics at positive and negative biases are different and some of the electroactive species are likely consumed irreversibly during the gating process and resulting in the absence of a peak at negative V G corresponding to peaks, say at V G ∼ 0.8
The largest peaks were observed at 310 K, however the gradual decrease in the peak size with increasing T is suggestive of the decrease in reaction rate due to the progressive depletion of reactants at the IL/VO 2 interface due to multiple gate sweeps. Larger peaks were observed in the rutile phase due a temperature effect and will be discussed later in Fig. 4 (b). It should be noted that at positive gate bias, DEME cations will accumulate near VO 2 whereas TFSI will accumulate near VO 2 in case of negative gate bias. The magnitude of I G at V G = −2.5 V was twice than that at V G = +2.5 V suggesting increased redox activity when TFSI accumulates at the VO 2 nanobeam that acts as anode at negative gate bias values. In order to further understand the temperature dependent modulations and redox kinetics, gate sweep measurements were done in rutile phase at 380 K. The device resistance can be modulated by gating in the metallic phase as can be seen in the plots of the evolution of I G (left axis) and R (right axis) with V G at 380 K (Fig. 4 (b) ). The device resistance was found to be increasing with the increase in V G similar to Fig. 2 (a) where the resistance of the metallic phase increases with V G . Asymmetric peaks were once again observed in the
However, the I G − V G plot at 380 K has larger peaks with less separation between the peaks at positive and negative gate biases suggesting faster electrode reactions, likely facilitated by faster charge transfer at the now more conducting VO 2 electrode. The current peaks i pa and i pc arise from the oxidation and reduction processes respectively from gate/IL/VO 2 system. In the case of a reversible redox reaction, the peaks are related as E pa − E pc = 0.059V /n, where E pa and E pc are the oxidation and reduction peak positions and n is the number of electrons transferred across the IL/electrode interface [23] [24] [25] . Fig. 4 (b) shows that i pa and i pc are asymmetric at E pa and E pc respectively and E pa − E pc > 0.059V
pointing to the irreversible nature of the redox reactions at the interface. in Fig. 4 (b) . In contrast to the V G sweeps in the monoclinic phase, the V G sweeps in the rutile phase at 380 K irreversibly change the electronic properties of the nanobeam. It can be seen that the V G sweeps (Fig. 3 (a) ) modulate the resistance reversibly at temperatures of 310 K, 315 K, and 320 K, whereas similar V G sweeps at 380 K (Fig. 4 (b) ) suppresses the MIT completely (Fig. 4 (c) ) indicating an irreversible chemical transformation. Based on these observations, we can infer that the kinetics of the electrochemistry involved for the creation of oxygen vacancies strongly depends on the structural phase and temperature as shown by the schematic in the Fig. 4 (d) . Similar selective behavior has been observed in the case of hydrogen doping 27, 28 in VO 2 and the diffusion constant for hydrogen was found to be orders of magnitude higher in the rutile phase than in the monoclinic phase 27, 28 . Though previous studies of IL gating in oxide materials have shown the suppression of MIT and discussed the role of oxygen vacancies
, we show, for the first time, that the application of a gate bias in the rutile phase is crucial for stabilizing it even to lower temperatures.
A control gating measurement was done on a device with same structure as in the inset device with a VO 2 nanobeam (Fig. 3 (b) and Fig. 4 (b) ). This indicates that I G for a VO 2 device has contribution due to redox reaction at the IL/VO 2 interface since the I G -V G plots have redox peaks. The ∆I G (Fig. 5 (d) ) was obtained by subtracting gate currents during the IL gating in devices with and without the nanobeam, where ∆I G is only due to the electrochemical reaction at the IL/VO 2 interface. . It is important to note that the ionic radius of V
3+
is larger than V
4+
and therefore expansion in lattice parameter is expected and it will lead to strain within the nanobeam. A recent study on VO 2 reported a strong deformation in lattice structure during the IL gating process 11, 18 .
IV. RAMAN SPECTROSCOPY MEASUREMENTS
To elucidate the structural changes during the ionic liquid gating process, we performed
Raman spectroscopy measurements at 300 K on our devices before and after gating and the results are presented in Fig. 6 . The spectra were taken from VO 2 single nanobeam devices and from a VO 2 film prepared by electrophoretic deposition of the nanobeams. In 
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. After application of a positive gate voltage of +1.8 V, the resistance of the device at 300 K is reduced by more than three orders of magnitude; however, a complete suppression of the MIT was not yet achieved (see Fig. 2 (a) ). The device was washed with isopropyl alcohol, deionized water and blow dried to remove any remnant electrolyte on the surface. The gating induced resistance modulations were unaffected for a few days and Raman spectra were taken in this intermediate state. Spectra acquired from two different locations ( Fig. 6 (a) ) show that the characteristic Raman modes of the monoclinic M1 phase are diminished intensity but the peak positions are not substantially shifted. This reduction in intensity of the monoclinic Raman peaks during the gating process is also verified by the Raman spectra taken acquired from a thin film of VO 2 ( Fig. 6 (b) ).
The spectra of gated devices show clearly that the Raman modes of the monoclinic phase are still intact albeit with reduced intensities even after the resistance of the device is reduced by three orders of magnitude. Notably, upon transformation of VO 2 to a metallic phase, the Raman cross-section is greatly diminished and the laser skin depth is also greatly reduced by the much higher carrier density
. The electrochemical reactions induced by the electrolyte gating likely occur on the surface of VO 2 leading to surface metallization whereas the sub-surface layers are not metallized and contribute to the M1 peaks in the traces above
31
. Further gating to +2.2 V (bottom trace in Fig. 2 (a) ) suppresses the MIT completely and the characteristic M1 peaks vanish
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. Whereas, the Raman results are consistent with initial phase coexistence of insulating monoclinic and metallic domains (the monoclinic domains contribute to the remnant Raman intensity), this method alone cannot distinguish whether the metallized phase (corresponding to the absence of a Raman signal)
is the metallic rutile phase or a different metallic structure with a distorted monoclinic or triclinic symmetry. Correlating Raman and transport data, the suppression of the MIT corresponds to formation of a (surface) percolative network of the vacancy-induced metallic phases with coexistence of remnant monoclinic domains. Indeed, the steps in resistance observed in the transport data correspond to the dynamic switching of these domains. At higher gate voltages, the entire nanowire can be metallized (as per Raman measurements) and the transport behavior indicates smooth characteristics of a metal.
V. DENSITY FUNCTIONAL THEORY CALCULATIONS
We have carried out density functional theory (DFT) 32, 33 based first-principles calculations using the DFT+U method 34 to understand and quantify the effects of oxygen vacancies and its formation mechanism under IL gating conditions. Note that we do not attempt to address other possible IL-VO 2 interfacial effects here. All calculations presented in the manuscript were performed using the Quantum Espresso package is critical for the stability of the insulating M1 phase, and the weakening of the V-V dimerization by oxygen vacancies would naturally result in a lower phase transition temperature as can be seen in Fig. 2 (a) 
39
.
One important question that remains to be answered is how the IL gating could result in the generation of oxygen vacancies. To this end, we have carried out first-principles calculations to characterize the energetics of oxygen vacancy formation. We find that with the application of a gating voltage, it is thermodynamically favorable to form oxygen vacancies in VO 2 if the TFSI molecules (Fig. 7 (b) ) are oxidized by oxygen atoms released from VO 2 as shown in Fig. 7 (c) . First, we assume that both TFSI and VO 2 are charge neutral. The 14 formation of one oxygen vacancy in VO 2 , with the oxidized TFSI molecule (Fig. 7 (c) ), is 0.51 eV per vacancy in the rutile phase as compared to 1.41 eV in the monoclinic phase. This result is in consistent with our conclusion based on the experimental finding in Figures 2, 3 , and 4 that oxygen vacancies creation is more favorable in the rutile phase. In addition, even for the monoclinic phase, the chemical potential of the VO 2 can be tuned by V G in order to generate negatively charged oxygen vacancies to further lower the defect formation energy. 
